Objectives: This study aimed to investigate the relationship between cerebrospinal fluid (CSF) S100B astrocyte-derived protein and delirium and to perform stratified analyses according to clinical and CSF markers of dementia. Methods: We performed a prospective cohort study in a university hospital setting. The participants were patients admitted for hip fracture (n = 98) or for elective surgery (n = 50). Delirium was assessed daily perioperatively in hip fracture patients using the Confusion Assessment Method. A consensus-based diagnosis of prefracture dementia was made using all available information. CSF was drawn at the onset of spinal anesthesia. S100B and phosphorylated tau (P-tau) concentrations were measured using electrochemiluminescence immunoassay and enzyme-linked immunosorbent assays, respectively. Results: In the hip fracture population (n = 98) there was no significant difference in CSF S100B concentrations between patients with ongoing preoperative (i.e., prevalent) delirium (n = 36, median [interquartile range] 1.11 μg/L [0.91-1.29]) and patients who never developed delirium (n = 46, 1.08 μg/L [0.92-1.28], p = 0.92). In patients without preoperative delirium, those who developed delirium postoperatively (i.e., incident delirium) (n = 16, 1.38 μg/L [1.08-1.62]) had higher concentrations of S100B than the 46 who never did (p = 0.013). This difference was confined to patients with pathological concentrations of P-tau (≥60 ng/L, n = 38). We also found that P-tau and S100B were correlated in CSF in the elective surgery patients. Conclusions: CSF S100B was elevated in patients with incident delirium who also had pathological levels of the Alzheimer disease biomarker P-tau, suggesting vulnerability caused by a preexisting process of astrocytic activation and tau pathology.
Introduction
Delirium is a disturbance in attention, awareness, and cognition with acute onset. It is a direct physiological consequence of an acute medical condition, e.g., a hip fracture, and constitutes a common [1] and serious [2] complication of hospitalization. The pathophysiology is poorly understood [3, 4] , and studies of cerebrospinal fluid (CSF) and serum biomarkers may elucidate pathophysiological mechanisms. Dementia is a major risk factor for delirium [5] , and delirium is a strong predictor of both new-onset dementia [6] and acceleration of existing cognitive decline [7] . The emerging literature explores possible mechanisms [8] , but still the details of the neuropathological links between dementia and delirium are not fully understood.
The calcium-binding protein S100B is expressed primarily [9] , but not solely [10] , by astrocytes within the CNS. Physiological concentrations are considered trophic to neuronal tissue, while higher concentrations may have toxic effects [11] . Serum concentrations of S100B have been studied in a number of conditions of brain pathology, and several studies have shown that elevated S100B concentration in serum is associated with delirium [12] [13] [14] . Results are, however, conflicting [15] , probably partly because S100B in serum may derive also from extracerebral sites, such as fractures [16] . CSF S100B in hip fracture patients with delirium has been investigated in two studies. One study [17] found elevated CSF S100B in patients with prevalent delirium, whereas the other one could not reproduce this finding [18] . Moreover, one Australian study [19] compared medical patients with long-standing delirium to outpatients with Alzheimer's disease (AD) and found no significant differences between the two groups. S100B has also been studied in relation to dementia, however without any clear conclusion [11, 20] .
The CSF biomarkers β-amyloid 1-42 (Aβ42), total tau (T-tau), and phosphorylated tau (P-tau) are believed to reflect AD brain pathology. Changes in these biomarkers precede the clinical manifestations of dementia by years [21] . For Aβ42, a preclinical phase of up to 20-30 years has been reported [22] , while changes in T-tau and P-tau occur later [23] . T-tau is suggested as a marker of neuronal damage and degeneration, and a transient increase has been described in acute stroke [24] . In contrast, P-tau is considered a more specific biomarker for the phosphorylation state of tau, and no significant increase related to acute stroke has been seen [24] . An interaction between S100B and tau has been suggested in previous studies [25, 26] , possibly with S100B inducing hyperphosphorylation [27] . Our group recently showed that a reduction in CSF Aβ42 together with an increase in T-tau is associated with an increased risk of delirium in hip fracture patients without dementia, which could indicate that asymptomatic brain pathology has clinical consequences [28] .
To elucidate further aspects of the pathophysiology of delirium, the aim of this study was to explore any differences in levels of S100B in CSF and serum of hip fracture patients with prevalent delirium versus never delirium and incident delirium versus never delirium, including stratifications based on clinical dementia and CSF markers of AD.
Methods

Hip Fracture Patients
A total of 332 hip fracture patients were recruited to the Oslo Orthogeriatric Trial at Oslo University Hospital, from September 2009 through January 2012, as described previously [29, 30] . All patients with proximal femur fractures were suitable for inclusion, regardless of age, prefracture function, cognitive status, and accommodation (including nursing home residents). Individuals were excluded if the fracture was the result of a high-energy trauma or if the patient was considered terminally ill. The orthopedic surgeon on call enrolled the participants in the emergency room. The patients were randomized to treatment in either the orthopedic or the geriatric ward. This intervention had no effect on the incidence of delirium, and patients from both study arms were pooled in the present study.
All patients were assessed for delirium by the study physician (Leiv Otto Watne) or a study nurse using the Confusion Assessment Method [31] daily preoperatively and until the fifth postoperative day (all) or until discharge (delirious patients). Confusion Assessment Method scores were based on information from nurses, close relatives, and hospital records, in combination with a 10-to 30-min interview with the participant. The tests of cognition, attention, and alertness used in the delirium assessments were digit span forward and backward and orientation and delayed recall from the Memorial Delirium Assessment Scale (MDAS) [32] . Patients were classified as "prevalent delirium" (i.e., ongoing delirium at the time of CSF sampling), "incident delirium" (i.e., no delirium at the time of CSF sampling, but developed delirium postoperatively), or "never delirium" (i.e., no delirium throughout the stay). Using all available data (including the Informant Questionnaire on Cognitive Decline in the Elderly [IQCODE] [33] , charts, previous cognitive tests [if available], and results from clinical follow-up), two specialists (one geriatrician [Torgeir Bruun Wyller] and one geriatric psychiatrist [Knut Engedal]) reached a consensus as to whether the patients fulfilled the ICD-10 criteria for dementia before their hip fracture [30] .
Elective Surgery Patients
A cohort of elective surgery patients (undergoing gynecological, urological, or orthopedic surgery) was recruited from February 2012 to June 2013 (at Oslo University Hospital and Diakonhjemmet Hospital, Oslo). They underwent thorough cognitive testing before surgery, and patients with known or suspected brain disease were excluded (dementia or Mini-Mental State Examination score [34, 35] <28, clock-drawing test score [36] <4, >1 false-positive response on the ten-word test from the Consortium to Establish a Registry for Alzheimer's Disease [37] , previous stroke with sequelae, Parkinson disease, or other CNS disorders likely to affect cognition). After excluding individuals <70 years old or undergoing cancer treatment, 50 elderly patients were included, all free of delirium and dementia at the time of sampling.
Samples, Measurements, and Procedures
Blood was collected preoperatively (both cohorts) and once postoperatively (hip fracture patients; 2-5 days after surgery), and serum was stored at -80 ° C. CSF was collected in both cohorts at the onset of spinal anesthesia before administration of the anesthetic agent [29, 30] . CSF was centrifuged as soon as possible and the supernatant was stored at -80 ° C. CSF was thawed, aliquoted, and frozen again before it was sent for analysis of Aβ42 and P-tau. As patients were included at all hours of the day and all days of the week, CSF and serum samples were collected when logistically feasible. For this reason, all sample types were not available from all cases ( Fig. 1 ). S100B in serum and CSF was measured using the electrochemiluminescence immunoassay method on the cobas e 601 instrument (Roche Diagnostics, Mannheim, Germany) at Oslo University Hospital, Radiumhospitalet, Norway. Aβ42 and P-tau concentrations were determined using INNOTEST enzyme-linked immunosorbent assays (Fujirebio, Ghent, Belgium) at the Clinical Neurochemistry Laboratory at Sahlgrenska University Hospital, Mölndal, Sweden, performed in one batch of reagents with intra-assay coefficients of variation <10%. We applied the cutoff values suggested by Hansson et al. [38] with Aβ42 <530 ng/L indicating amyloid pathology and P-tau ≥60 ng/L indicating P-tau pathology. We chose P-tau (over T-tau) because it is a more specific biomarker for the phosphorylation state of tau and assumed to be more stable in an acute setting.
Statistical Methods
Continuous variables were analyzed with the t test (unpaired or paired) or the Mann-Whitney U test and subgroup differences with ANOVA or the Kruskal-Wallis test, as appropriate. For continuous, nonnormally distributed variables, results are given as median values with interquartile range (IQR), but when possible log-transformed for statistical tests. Correlations were estimated with Spearman's ρ.
One case without delirium or dementia had an S100B CSF concentration >9 standard deviations from the mean in repeated analyses. The cause is unknown and a technical problem with the handling of this sample may have occurred. This case was excluded from all analyses. 
Results
From the Oslo Orthogeriatric Trial, CSF S100B was available from 98 hip fracture patients, preoperative serum S100B from 196 patients, and postoperative serum S100B from 108 patients (Fig. 1) . The background data for the hip fracture patients are given in Table 1 . The healthy elective surgery patients (n = 50) were younger (72 vs. 85 years, p < 0.001) than the hip fracture patients. S100B concentration in serum was significantly higher in hip fracture patients (also in those free from delirium) compared to the elective surgery patients (p < 0.001) ( Fig. 2a ). In the hip fracture patients, serum concentrations of S100B dropped signifi- 
S100B and Delirium
In the hip fracture cohort, a three-way analysis comparing levels of CSF S100B in patients who never had delirium, patients with prevalent delirium, and patients with incident delirium revealed a significant difference between the groups (p = 0.036). A further exploration of this found no significant difference in CSF concentrations of S100B between patients with prevalent delirium and patients who never had delirium (p = 0.92) ( Table 2) . Also, there was no significant difference in serum S100B preoperatively between these two groups (p = 0.33) ( Table 2 ). CSF S100B was however significantly higher in patients with incident delirium than in patients who never developed delirium (p = 0.013), and a similar trend was found in serum collected preoperatively (p = 0.073) ( Table 2 ; Fig. 2a, b) . As the patients with incident delirium were slightly older than those who never developed delirium (median age 88 [range 76-101] vs. 84 [57-94], p = 0.043), we did a regression analysis to adjust for the effect of age (Table 3) , yielding a p value of 0.06 but principally the same effect estimates. b CSF S100B concentration by delirium status. c CSF S100B concentration by delirium status in patients without P-tau pathology (P-tau pathology defined as P-tau ≥60 ng/L). P-tau was missing in 4 patients. Never delirium n = 27, prevalent delirium n = 20, incident delirium n = 6. d CSF S100B concentration by delirium status in patients with P-tau pathology (P-tau pathology defined as P-tau ≥60 ng/L). P-tau was missing in 4 patients. Never delirium n = 17, prevalent delirium n = 16, incident delirium n = 8. CSF, cerebrospinal fluid; P-tau, phosphorylated tau.
CSF S100B in patients with incident delirium was also higher than in patients in the elective surgery cohort (p = 0.015) ( Table 2 ). CSF and serum S100B were only correlated in hip fracture patients with delirium (ρ = 0.35, p = 0.038), but not in those without delirium (ρ = 0.19, p = 0.32) or in the elective surgery group (ρ = 0.092, p = 0.53).
S100B in Delirium Stratified on Dementia Status
Since dementia is very common in this population and a major risk factor for delirium, we repeated the analyses stratified on dementia status. The findings did not materially change; the levels of S100B were still highest in the group with incident delirium (Table 2) . Moreover, in the hip fracture group, there was no difference in CSF S100B between patients with dementia (n = 49, median 1.13 μg/L, IQR 0.93-1.36) and patients without dementia (n = 49, median 1.10 μg/L, IQR 0.93-1.31) (p = 0.85). There were also no differences in preor postoperative serum values.
S100B in Delirium Stratified on CSF Markers of AD Pathology
To investigate the relationship between markers of preclinical AD pathology and S100B, we first examined the 50 elective surgery patients, who were all free from dementia and delirium. There was a weak but significant correlation between S100B and P-tau (ρ = 0.35, p = 0.015) in CSF, but no correlation between S100B and Aβ42 (ρ = 0.074, p = 0.61). Since S100B and P-tau were correlated, we hypothesized that the relationship between S100B and delirium might differ in the groups with and without pathological concentrations of P-tau. Splitting our hip fracture cohort on the presence of P-tau pathology (≥60 ng/L), we found that the difference in CSF S100B between patients with incident delirium, compared to those who never developed delirium, was mainly confined to patients with P-tau pathology (Fig. 2c, d) . For Aβ42, only 3 patients without pathological levels (<530 ng/L) developed delirium at any time, precluding comparable stratification based on Aβ42.
Discussion
In this study of S100B in CSF and serum in patients admitted for acute or elective surgery, we did not find elevated concentrations of S100B in CSF during prevalent delirium, unlike one previous study [17] . The elevated S100B in patients developing delirium may however point to pathogenetic mechanisms influencing this condition. Interestingly, elevated S100B seemed to be confined to the group with coexisting pathological changes in the core AD CSF biomarker P-tau, possibly reflecting preexisting pathology of both astrocytic activation (S100B) and neurofibrillary tangles (P-tau), and indicating that these two deviations, in combination, may increase the susceptibility to developing delirium. Comparable data are only available in the studies by Hall et al. [17] and Beishuizen et al. [18] . Neither of these studies observed elevated CSF S100B in incident delirium like we did, but Hall et al. found higher concentrations of CSF S100B in patients with prevalent delirium. The reasons for the inconsistencies are not clear; however, the study populations were different, with more nursing home patients and patients with dementia included in our study.
Elevated levels of S100B have previously been considered a marker of acute brain damage [11] , and Hall et al. [17] suggest that the elevated CSF S100B levels they observed in prevalent delirium might represent CNS damage or dysfunction related to the episode of delirium. On the other hand, our finding of elevated S100B in incident delirium rather suggests this as indicative of a preexisting process representing a risk factor for delirium development. These hypotheses are not mutually exclusive; S100B may both be an indicator of underlying pathology and in certain situations a marker of damage or dysfunction.
Previous studies of S100B in CSF in AD and dementia have also yielded conflicting results. Comparable to our results, a study of 159 patients with various types of dementia could not find any difference in concentrations of S-100 in dementia patients compared to controls [39] . In contrast, another study found higher concentrations in early/mild AD patients compared to moderate/severe AD patients and controls [40] , suggesting a rise and fall throughout the progression of AD. A correlation has also been reported between S100B concentrations and development of brain atrophy in patients with AD [41] . Specifically, it has been suggested that S100B may play a role in tau-related pathways involved in AD pathology [25, 26] . Our study supports this hypothesis.
We chose to use a healthy elective surgery cohort to study the relationship between S100B and P-tau unbiased by hip fracture, and found a weak but significant correlation in CSF concentrations. Furthermore, in the hip fracture population, the relationship between S100B and delirium differed in patients with and without P-tau pathology. As the levels of P-tau in CSF are not expected to change in the acute setting [24] , it is most likely a marker of underlying pathology. Thus, either differences in prefracture P-tau pathology might cause different S100B responses after hip fracture, or S100B and astrocytic activation may be part of an underlying process also involving P-tau that makes the brain vulnerable to delirium. Caplan et al. [19] did not find differences in S100B in CSF between patients with long-standing delirium and patients with AD; one explanation might be that the patients with AD also had slightly elevated concentrations of S100B compared to persons with healthy brains. Delirium superimposed on early-stage dementia might have neuropathological processes different from delirium superimposed on late-stage dementia or occurring in cognitively intact patients. It is also possible that S100B levels are affected both by underlying and acute changes. This might result in different CSF S100B patterns in delirium populations with differences in preexisting cognitive impairment and could, in part, explain the different findings between the present and previous studies.
Changes in P-tau pathology are clearly linked to dementia [21] . In our material, however, using a clinical diagnosis of dementia did not reveal the interplay between delirium and AD pathology as clearly as a P-tau cutoff. The levels of S100B in incident delirium were at a similar level in both the dementia and nondementia strata, even thought the difference between incident and never delirium remained significant only in the stratum with dementia. In a larger-scaled study, these subgroup differences might be further explored. It is possible that stratification based on clinical dementia status could reveal the same pattern as we found when stratifying by P-tau. However, it is also possible that the molecular marker P-tau identifies a more homogeneous population of patients with similar underlying disease processes than the clinical diagnosis of dementia. We therefore believe that our approach of stratifying patients based on the presence of biomarkers of neuropathology is a strength of this study and should be utilized in other studies of delirium.
Hip fracture patients without delirium did not have higher CSF concentrations of S100B than patients in the elective surgery cohort, suggesting that CSF S100B does not necessarily increase solely from a hip fracture. Serum levels, on the other hand, were higher in all groups of hip fracture patients compared to the preoperative levels of elective surgery patients, and the levels dropped significantly after hip fracture surgery. We hypothesize that this represents a non-CNS component in serum S100B in hip fracture patients, independent of delirium, consistent with extracranial sources (i.e., the fracture) and the postoperative value representing a fall towards normal values. This suggests that serum S100B is of limited value as a marker of CNS-related pathology in a hip fracture population.
In the hip fracture population, CSF is easily available from the onset of spinal anesthesia, and the use of CSF biomarkers is of high interest in research to help the understanding of pathophysiological mechanisms. We do, however, not suggest the use of CSF S100B and P-tau for predicting delirium in the clinical setting, as the test's sensitivity and specificity are not good enough. In real life, all hip fracture patients should be considered at risk for delirium and be managed with good care accordingly.
The major strengths of this study are the fairly large sample of CSF in patients with thorough delirium diagnostics combined with repeated serum measures. Still, for subgroup analyses and stratifications, the sample size is a challenge and these findings should be considered explorative. The external group of cognitively healthy elective surgery patients adds further value to the study. Due to the challenges of performing clinical studies of acute patients, the subgroups with serum and CSF samples varied in size, and for some patients only a CSF or only a serum sample was available. However, the background characteristics were similar within the different subgroups (prevalent/incident/no delirium), and the selection of patients was dependent on circumstantial factors (i.e., time of day/week for inclusion/ surgery) and not patient characteristics, decreasing the risk of systematic bias. The study included frail patients and patients with severe dementia. While this leads to a challenging heterogeneity, our observations represent the situation in real life.
Due to the complexity of delirium, future studies would benefit from looking at more than one biomarker, e.g., combining biomarkers for delirium with biomarkers for dementia representing underlying pathology. This calls for larger study samples and could be a great opportunity for large-scale biobanking for delirium research. Also, taken together with previous conflicting results regarding serum S100B, our results suggest that further studies of serum S100B and delirium should not be a priority.
Conclusion
The main findings of this study were that even though we did not find elevated concentrations of S100B in CSF during prevalent delirium, it was elevated in patients with incident delirium. This finding seemed to be confined to patients with pathological levels of the AD biomarker P-tau, suggesting vulnerability caused by a preexisting process of astrocytic activation and tau pathology.
